To this effect, the same electronics is used sequentially to produce a low frequency signal proportional to each electrode peak voltage. The data is then recorded, corrected and processed by a Sigma 5 computer which prints out the beam closed orbit coordinates.
The complete scan for one or two beams takes about 30 to 60 seconds.
The mechanism of signal formation can best be understood if one calculates the fields set up by the beam. We therefore proceed to this calculation and to this end we first describe the characteristics of the SPEAR beam.
The SPEAR Beam and Its Fields
The main parameters of the storage ring are found in ref. 1 . Each beam is composed of a short bunch of particles revolving at the frequency F. = 1.28 MHz.
The charge distribution is very nearly Gaussian in the longitudinal direction, and approximates a delta function in the transverse dimensions. For practical purposes we can write:
where A is the linear charge density, u is the longitudinal half bunch width, v is the particle's velocity and i. is the average beam current. To calculate the fields set up by h (z, t) it is convenient to carry out the analysis in the beam system of reference which moves at velocity v in the z direction.
Then the charge distribution A and the current density Jz on one hand, and the longitudinal coordinate z and time t on the other hand, transform into A', J ', Z z', t' in the new frame of reference, in the following way:
However we note that Jz' = 0 since there is no movement of charge in the beam system of reference, and (1) becomes:
with U' = yu.
So for v+c the effect of the Lorentz transformation is to spread the charge over an infinitely long line charge, without altering the transverse dimensions.
If E' and B' are the fields due to h', then from (2), the transverse components ET and BT in the laboratory system of reference are given by:
and since B' = 0 we simply have
that is, the calculation of the electric field only, yields both electric and magnetic fields, and for VMC, these fields turn out to be equal, (C. G. S. units).
Electric Field
The problem of the position monitor is thus reduced to the calculation of the electric field due to a line charge parallel to the axis of a circular cylinder which, we will assume, has infinite conductivity.
In the general case the line charge is not at the center of the cylinder (Fig. 1) . The method of images can be used to express a potential function $' , and then E' can be derived as the gradient of Cp'. At the walls E' reduces to its normal component En , and transforming back to the laboratory system of coordinates we get: (practical units) En = n F&8) = a2 -62 a2 + 6 2 -2a6 Cos 8 (6) with a the cylinder radius, and 6,19 the beam position in polar coordinates.
We recognize the first factor of En as the beam current dependent term, and the function F(6,e) as the beam position dependent term.
Monitor Equivalent Circuit
At this point, we may choose to build a monitor which samples the electric field, or a monitor which,samples the magnetic field. As far as the position sensitivity is concerned, it will be identical for both types since F(6,e) appears in the same way in En and Ht. However, the two circuits are not quite the dual of each other when it comes to their sensitivity to beam current.
For an electrostatic type of monitor we calculate from En the charge q on the electrode, and the equivalent circuit (Fig. 2) is a current source dq/dt driving a parallel RC impedance, where C is the electrode capacity.
For the magnetic type, which uses loops instead of electrodes, the equivalent circuit is a voltage source d@/dt, $ being the flux: through the loop, driving a series LR impedance, where L is the loop self inductance.
In both cases R is the external load and in most practical situations R = 50 Ohms.
When comparing a small electrode of say 1 inch diameter, to a small loop ' of the same dimension, it turns out that in the first case wRC!<<l for the most significant beam waveform frequencies, and in the second case w L/R<<l.
Therefore, the electrode voltage will be Ve = R dq/dt, whereas the loop voltage will be 'rn = dc$/dt = + !kLV '0 e = 7.5 ve.
This advantage might be thought to be a decisive point in favor of loops.
However, for a positron-electron storage ring it is convenient to be able to identify the beams at each monitor station, and only the electrostatic monitor can provide this information since the polarity of its signals is the same as that of the beams. Fig. 3 shows the two SPEAR beams as they appear out of one monitor electrode; the monitor is situated at approximately 12 meters from the beams' crossing point.
From (6) the charge on one electrode of diameter d, located at z = 0, is found to be:
The exponential function has the extrema of its derivative at t = f g/c.
From now on we will refer to "electrode voltage" as the amplitude of one where Kx and KY are geometric factors which we call "monitor calibration factors, " and which have the dimension of length. It is more convenient at this point to assign Cartesian coordinates to the beam, and to perform the following substitution ( Fig. 1 ):
Four functions FA (x, y), FB(x, y), FC(x, y) and FD(x, y) result, and substituting equation (8) into (10) we have:
and n= 3,1,7, 5. Now we can calculate Kx(x, y) and Ky(x, y) using (11). At the origin a limit can be obtained and we get (12) On Figure 5 we plot the relative value of the calibration factors when the beam position assumes coordinates confined to a 0 -2.8 cm square. In other words, the plot of Figure 5 represents the monitor response, should a constant calibration factor a/F be used.
Laboratory Measurement of the Calibration Factors
In the above calculation we have neglected the field distortion created by the proximity of the synchrotron radiation masks (Fig. 4) . These water cooled masks are required to protect the straight sections' vacuum chamber walls from the synchrotron radiation. Each monitor is associated with a mask, and the transverse symmetry of the structure has been restored by installing a dummy mask on the opposite side,
The measurements of the calibration factors were carried out in the laboratory, by sending a current pulse on a rod parallel to the monitor axis. Note that the pulse shape is unimportant since expression (11) (11) and (12). We observe different sensitivities in the vertical and horizontal direction, due most likely to the radiation masks, and better agreement with the calculation when the rod is off center. It was felt that a single value for K, and KY could be picked which would be satisfactory for all beam positions up to f 2 cm, and since the error introduced by the masks is considerably more significant than the pin cushion distortion, the latter has been discarded. The calibration factor adopted for the SPEAR position monitors is Kx = KY = 70 mm.
Processing Factors
We turn now to the circuit used to derive an analog signal proportional to the electrode peak voltage. The bipolar pulses of Fig. 3 are integrated. The transfer function of the integrator (Fig. 7) is:
where Q! is the transistor current transfer ratio, R the cable termination resistor, and C is the transistor's collector-base capacity and the stray capacity, Fig. 8 shows a typical integrator input-output waveform.
Beyond the integrator, two identical circuits, one for each beam, comprise a Darlington pair, a 6 diode series linear gate, a dc restorer, a peak detector and an operational amplifier.
The response of this circuit has been measured for each beam, as a function of one electrode voltage or rather as a function of each beam current (Fig. 9 ).
One might think that the nonlinearity of the curve and its ordinate at the origin are unimportant, since the beam poisition measuring process requires taking the difference between two such signals. However, the current normalization as epxressed by equation (10) involves summations too, and we found a strong dependency of the measured orbits on the beam current. After attempting to build a more linear peak detector, it was decided that this endeavor was doomed to failure because of the narrowness of the electrodes' pulses, and that the linearization of the data could be easily programmed out during the computer orbit calculations.
Position Scanning (General)
Physical lengths of coaxial cable between control-room processing electronics and position-monitor pickup electrode are as long as 130 meters. As shown \ in Fig. 3 , the voltage pulse produced by an electrode is quite narrow (1 nsec).
To insure pulse fidelity, coaxial relays are required for switching and 7/8-inchdiameter heliax is used for the cable run. The entire process is controlled by the SPEAR computer in a seven-bit binary word plus one strobe (S1) and one control line (Co). Electronics of the system are housed in three rack-mounted cassis. POSITION MONITOR CONTROL chassis is located at the operator console, with the remaining two units in a remote rack. Design is such that a complete orbit, consisting of twenty monitors may be scanned in any sequence desired.
Manual selection of position and electrode with readout on a DC digital voltmeter (DVM) is provided with push-button switches at the control panel.
Manual operation is disabled when the computer comes on-line (Co true) and must be re-selected after automatic scanning is complete. A high frequency oscilloscope is used to monitor electrode signals prior to the analog circuitry.
Lamps in the push-button switches indicate position and electrode selection in both automatic and manual modes. Strobe S1, which is normally high during auto scan, goes to LO only during address changes; this is used to inhibit the decoders during address changes.
Selection of a monitor position activates eight coaxial relays of that monitor which apply four electrode signals to the four cables of the quadrant; also, the proper quadrant relays are activated by using position information as inputs to a five-input "OR" circuit. Position selection is also used as an input to a 20 x 16 pin programmable matrix. Eight of the matrix outputs are used for the ef trigger delay circuit and e@ht are used for e-delay circuits.
All logic circuitry described uses T2L integrated circuits. A lO2-MHz clock, which is derived from the ring rf frequency of 51 MHz and phase synchronized to the 1.28 MHz, is level shifted and applied to the first flip-flop. This frequency division which is now a 20 nsec period (10 nsec Hi -10 nsec Lo) is an input to the first "EX-OR." Active delay increments are 10 nsec, with a 50-ohm cable used as a 5-nsec delay. Assuming the fifth pulse of Fig. 12 is desired at the output, and address of (23 Hi -22 Lo -2l Hi)
will allow only the pulse in time slot 5 through the series of "AND" gates.
Understanding the circuit concept will immediately disclose the need for accurate timing between the ripple counter and gate delays. Although not indicated in Fig. 12 , there are delay gates used between "EX-OR", "AND", and "FLIP-FLOPS. " Theoretically, the circuit as described could be used to ripple a 5-nsec pulse through by using the clock as an input to the first comparator.
Reasons for avoiding this approach are . ( 1)'pushing the I. C. gates to their full rise -falltime capabilities; (2) our requirement of the circuit to reset and be ready within a clock period.
Addressing of the delay generator is in straight binary and is programmed with a pin matrix. Output is fanned out to four NIM levels, 10 nsec wide. Delay variations are dependent only on clock stability, which in this case is the ring rf stability. Circuit propagation delay is 50 nsec and the maximum usable delay is 50 nsec + 830 nsec.
Digital delay units usiug this concept are used throughout the SPEAR experimental area as a convenient method of obtaining synchronized, variable delayed triggers. One problem with this system is the requirement of short term and long term phase stability between the 1.28 MHz reset pulse and 1.02 MHz clock. A drift of f 5 nsec will force the counter to try clocking and reseting at the same instant. The result is a delayed output-pulse which will jump 10 nsec as the flip-flops decide which will win the race between clock and reset. This problem has been attacked by building a frequency synthesizer, using phase locked loop design, to provide various stable frequencies required by the ring. 
